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ABSTRACT A study on the far-infrared (FIR) emission of M31 has
been carried out with the HiRes mal)s (_ V) derived from IRAS data.
Sixty-eight FIR sources are detected in M31, which in general coincide
with optical HI1 regions, and contribute 15%, 23%, 29%, and 23% to
the fluxes in 12 #m, 25 jim, 60 tim, and 100 #In bands, respectively.
The remaining diffuse e,nissiou, which dominates the FIR eulission of
M31, is studied using a dust heating model which utifizes the UV aud
optical photometry maps and the HI maps available in the fiterature. It is
fouud that the global dust-to-gas ratio in M31 disk is 6.5 10-a, very close
to the dust-to-gas ratio in the solar neighborhood. There is a significant
galactocentric gradient of the dust-to-HI-gas ratio, with an c-folding scale
length of 9 kpc. The diffuse dust correlates tightly with the HI gas.
The model indicates that the non-ionizing UV (913--4000A) radiation
froln massive and intermediate nlassive stars contributes only about 30%
of the heating of the diffuse dust, while the optical-NIR (4000--9000A)
radiation from tile old stellar polmlation is responsible for the nlost of
the heating.
INTRODUCTION
Two characteristics make M31 unique for a far-infrared (FIR) study. The first is
its proximity: Being the nearest spiral galaxy outside the Milky Way, it offers the
best linear resolution tor observations of spirals with a given angular resolution.
This is a significant advantage given the relatively poor angular resolutions of
the current generation of FIR instruments. Second, it is known to have very
low current star-tornlation rate, perhaI)s an order of magnitude lower than that
of the Milky Way' (Walterbos 1988). Not many such quiescent spirals can be
studied in the HR, and none beside M31 with such high spatial resolution.
Tile HI( emission of M31 has been studied by Habing et al. (1984), Soifer
et al. (1985), and very extensively by Walterbos and Schwering (1987) using
IRAS inaps. We report preliminary results from a new study using tile HiRes
nlaI)s. Our emphasis is to study the properties of FIll sources and the diffuse
emission separately. Tllis was not possible in tile l)revious studies because of the
relatively coarse resolution of earlier maps based on IRAS observations.
S. Terebey and J. Mazzaxella (ed_.), Science with High-Spatial ftesolution/_hr Infrared Data, 87-93,
1994, Jet Propulsion Laboratory, Pasadena, CA.
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HG U RE 1 Contour map of M31 showing unresolved 60 #m sources only. The
resolution has been degraded to 1.7 J, indicated by the hatched circle in the lower
left cornel'.
FIR MORPHOLOGY
The FIR morphology revealed by tile HiRes maps (see Fowler and Aumann, this
volume) is obviously very different from the optical morphology of M31 (Walter-
bos and Kennicutt 1987). Most of the FIR emission is confined in surprisingly
thin arms which are hardly resolved by tile HiRes beam, and in a nucleus much
smaller than the optical bulge. The contrast between the arms and interarm
regions is more than an order of magnitude. At similar spatial resolution, the
optical emission is much smoother than the FIR emission. There is a kind of
anti-correlation between the optical and I"IR emission: many thin dark lanes in
the optical map appear as thin bright arms in the 60 tLm HiRes map.
FIR SOURCES
There are many bright sources on the 60 ,urn HiRes map. The brightest ones
are concentrated on the famous ring at about 10 kpc (50') galactocentric radius.
Thanks to the high resolution (,-0 1'), most of them are well separated fi'om
each other, so we call do a relatively clean and complete source extraction using
Gaussian fitting. We found 68 60 #m sources (Figure 1), all coincident with
known giant HI1 regions or HII region complexes (Pellet et al. 1978).
Unresolved sources account for a small fraction of the emission. They con-
tribute 15%, 23%, 29%, and 23% to the total fluxes of M31 at 12 #m, 25 #m,
60 #m, and 100 #m, respectively. By comparison, unresolved sources in M33
contribute 50%, 92%, 68% and 56% of the total fluxes of that galaxy in the four
corresponding bands (Rice et al. 1990).
In addition, the sources in M31 are not as warm as the M33 sources. Figure
2 compares the average FIR spectrum of the M31 sources to that of the M33
sources, and to the spectrum of the integrated emission of Mal.
The 60 #m-to-100 #m color ratio of the M31 sources is warmer than that of
the integrated emission, but significantly cooler than that of the Iv133 sources.
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FIGURE 2 Average FIR spectrum (normalized by F100_m) of the M31
sources (solid line) compared to that of the M33 sources (dashed line), and
that of the integrated emission of M31 (dotted line).
DIFFUSE DUST
We define the diffuse component as the emission from areas in M31 where un-
resolved sources contribute less than 20% of the emission; the bulge area is also
excluded from the following discussion. By studying this dominant component,
we attempt to answer the following questions:
1. How is the interstellar dust distributed in M31? How does it correlate with
HI gas?
2. How much interstellar dust does M31 have? What is the dust-to-gas ratio?
3. What is the energy budget of the diffuse interstellar dust?
We developed a dust-heating model, in which we assume that the heating
of the diffuse dust is provided by the non-ionizing UV and optical interstellar
radiation. We adopt an infinite-plane-parallel-slab geometry for the radiation
transfer problem (van de Hulst and De Jong 1969), and assume that the dust
and the UV light have the same scale height, while the scale height of the optical
radiation is a factor of 2 larger. The model is applied to a complete sample of
small areas (cells), each of size 2_x 2 t, within the M31 disk. The sample selection
is described in Xu and Helou (1993a). With the adopted distance (690 kpc) and
inclination (13 °, 90 ° for seen face-on), the linear size of the cells is 0.4xl.8 kpc
in the plane of M31. Cells are included only if their FIt{ (40-120 tLm) surface
brightness Br_, calculated from the 60 #m and 100 #m surface brightness (ttelou
et al. 1988), exceeds a signal-to-noise ratio of five.
The radiation transfer model predicts for each cell the ratio between the
Fill surface brightness due to heating of dust by the radiation in a given baud,
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FIGURE 3 Plot of the dust-to-HI-gas ratio versus the galactocentric radius
of the diffuse FIR emission in M31.
and tile observed radiation surface brightness of the same band, as a function
of the optical depth:
AiBftr
= (1)
Surface brightness maps of the non-ionizing UV and the optical (UBVR) radi-
ation have been taken from corresponding maps (MiUiar 1984; WMterbos and
Kennicutt 1987), and the FIR emission is assumed to be due to dust heated by
the radiation in these bands:
5
Bin- = _gi × Qi. (2)
i
The summation of the right side of Eq.(2) is over five radiation bands: UV (912
-- 3000A, U (3000 -- 4000A), B (4000 -- 5000A), V (5000 -- 6000A), and
R/NIR (6000 -- 9000A). Assuming an extinction law which is the same as the
local one (Savage and Mathis 1979), the extinction at different wavelength bands
depends on a single parameter, i.e., the (lust column density which, consequently,
can be determined using Eq.(2) (see Xu and Helou 1993b for more details).
The results of our model are shown in the following three figures. Figure 3
is the plot of the dust-to-HI-gas ratio versus the gMactocentric radius.
The HI column density is taken fi'om the HI map of Brinks (t984). The
dashed line shows the dust-to-gas ratio in the solar neighborhood. It can be
seen that the dust-to-HI-gas ratios of the M31 cells is not very different fi'om
the local value. The solid squares show the average value for the cells in each
2 kpc bin of galactocentric radius. The error bars represent one-a dispersions,
and amount only to about 30%. There is a clear trend that the dust-to-HI-gas
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F1GUliE 4 Diagram of tile 'gradient-corrected' dust column density versus
HI column density in tile IvI31 disk.
ratio decreases wittt ixtcreasing radius, suggesting a galactocentric gradient in
tile dust-to-gas ratio. The set of average values can be fitted reasonably well by
tile dotted fine, corresponding to an e-fold scale length of the gradient of 9 kpe.
I,'igure 4 is the diagram of tile 'gradient-corrected' dust cohtmn density
versus HI cohtmn density.
By 'gradient-corrected' we mean tile dust column density multiplied by
exp (r/9 kpc), to balance tile gradient of tile dust-to-gas ratio. A strong and
linear correlation is found in this diagram: the correlation coeIIicient is 0.88
and tile slope of tile log-log plot is 1.0d±0,09, which is shown by tile solid line.
Thus in M3I, dust correlates tightly with the HI gas, and the local dust column
density scales linearly with the colulnn density of lti gas, while tile scaling factor
decreases with increasing galactocentric radius. Integrating the dust in the entire
disk of M31, we find that there is 2.0 l07 M dust within a 16 kpc radius in tile
M31 disk. Tile global dust-to-ltI gas ratio is 6.6 l0 -3, quite close to tile local
value of 7.3 10 -3 (Ddsert et al. I990).
In l,'igure .5, we compare tile radial distributions of tile FIR emission and of
dust heating predicted by tile model. Tile solid curve is the FIR distribution.
The dashed curve is tile total heating which accounts for about 80% of tile FIR.
The difference between tile 1,'i!{ emission and tile heating is likely to be due to
the sources. For example, the ditference is most significant around tile ring and
in tile outer region of the disk, where most of tile bright sources are (Figure 1).
The non-ionizing U V radiation contributes only 26% of the total heating, which
is represented by the dotted-dashed curve. It is most prominent at tile ring,
but never dominant. Throughout tile M31 disk, tile optical radiation, shown as
tile dotted curve, dominates the heating of the diffuse dust. This indicates that
tile Fit/emission of M3I is mainly due to heating by tile optical radiation from
relatively old stars, i.e., stars older than a few 10u years.
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HG U lie 5 Plot of the radial distributions of the FIR emission and of dust
heating predicted by the model.
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